Kinetic aspects of ethylene-mediated signal transduction leading to seedlinggrowth inhibition and chitinase induction in Arabidopsis were investigated by the introduction of defined mutations in components of these pathways. Dose-response analysis of wild-type responses indicated that the rate-limiting steps for seedling responses and Arabidopsis basic-chitinase induction displayed Michaelis-Menten kinetics with apparent dissociation constants of the response (K,) of 0.1 and 1.4 pL 1-' ethylene, respectively. In the ethylene-insensitive efrl-l and ein2-32 mutant lines, both Arabidopsis basíc-chitinase induction and seedling-growth responses were completely disrupted, whereas the weaker efrl-2 allele eliminated the chitinase-induction response but only partially disrupted the seedling responses. A heterologous reporter gene containing the chitinase promoter from bean (bean basic-chitinase-/3-glucuronidase) displayed subsensitive kinetics (K, 120 pL L-' ethylene) compared to the response of the endogenous basic-chitinase response (K, 1.4 p L L-' ethylene). A model for ethylene signal transduction that accounts for the observed variations in ethylene dose-response relationships is presented. The relationship between the model and the biochemical mechanisms of well-characterized signal-transduction systems in animals is discussed.
The plant hormones, like most chemical signals in biology, appear to act on tissues in a dose-dependent manner.
In fact, it is this property of these compounds that led to their original identifications as endogenous chemical signals (Davies, 1987) . In the absence of detailed biochemical information, much of the research on hormone signal transduction in plants has been restricted to phenomenological studies in which the relationship between the dose of applied hormone and the increment of a chosen response has been quantified (for examples, see Nissen, 1985 Nissen, , 1988a Nissen, , 1988b . Koshland et al. (1982) provided a general framework for considering the kinetics of signal-response relationships in biological systems. Responses that obey simple Michaelis-Menten kinetics (i.e. operate over 100-fold changes in signal concentration) were referred to as hyperbolic. Deviations from this simple behavior were referred to as supersensitive or subsensitive, depending on whether the response occurred over a smaller or a larger range of signal concentrations.
Nonhyperbolic dose-response relationships can be modeled empirically using a modification of the MichaelisMenten equation known as the Hill equation (Weyers et al., 1987) . This type of analysis has been applied to a number of plant hormone responses, and the observation has been made that plant hormone dose-response relationships often fall into the subsensitive category (Nissen, 1985 (Nissen, , 1988a . It has been pointed out that some such studies may be invalid because the concentration of hormone at the site of perception was not known or because the initial rate of the response was not used in the analysis (Weyers et al., 1987; Trewavas, 1991) . On the other hand, subsensitive dose-response relationships may result from specific biochemical mechanisms, collectively referred to as adaptation or desensitization, which allow signal-transduction systems to operate over a very wide range of signal concentrations (Koshland et al., 1982; Lauffenburger and Linderman, 1993) . It has been suggested that subsensitivity of plant hormone responses may reflect the operation of such adaptive systems (Kende, 1983) . Dose-response analysis as a method for studying signal transduction in vivo may be particularly appropriate in the case of the plant hormone ethylene. Graded responses to ethylene have been noted for growth responses (Eisinger, 1983) and induction of ethylene-regulated genes (Broglie and Broglie, 1991) . In addition, the complications normally associated with uptake and compartmentation of applied hormone are minimized in the case of ethylene, which diffuses readily across membranes and should come to equilibrium between the applied source and the site of perception provided that the externa1 concentration exceeds the endogenous level. Interestingly, dose-response curves for ethylene-mediated responses do conform to simple Michaelis-Menten kinetics in many cases (Goeschl and Kays, 1975; Lincoln and Fischer, 1988; Lawton et al., 1990) .
Dose-response analysis provides kinetic information concerning the rate-limiting steps in ethylene signal transduction. However, this methodology alone provides no Abbreviations: CHIT-B, Arabidopsis basic-chitinase; CH5B, bean basic-chitinase; COL, Columbia; MU, methyl umbelliferone; Kr, apparent dissociation constants of the response; MS, Murashige-Skoog; n, Hill coefficient; R, , , , maximum initial rate of response.
597 Plant Physiol. Vol. 108, 1995 information concerning where in the pathways these ratelimiting steps may occur. The introduction of genetically defined alterations in specific steps in the pathways provides a potential method for overcoming this deficiency. A number of mutants with altered responses to ethylene have been identified in Arabidopsis. Mutations at the ETRZ, the EIN2, and the AINZ loci confer insensitivity to ethylene (Bleecker et al., 1988; Guzmán and Ecker, 1990; Van Der Straeten et al., 1993) , whereas mutations at CTRZ result in the constitutive activation of ethylene-response pathways (Kieber et al., 1993) . Since mutations in these genes affect a broad range of ethylene responses, they are thought to act early in ethylene signal transduction. On the other hand, the cloning of genes that are induced by ethylene provides defined control points in the form of promoter sequences that operate near the end points of specific signal-transduction pathways (Broglie et al., 1989; Montgomery et al., 1993) .
In this report, we examine the influences of genetic alterations introduced into primary and secondary pathways mediating ethylene signal transduction in Arabidopsis.
Steps in the primary pathway are defined by the mutations that confer ethylene insensitivity to a broad range of responses. To generate a genetically altered component that acts closer to the end point of a signal-transduction pathway (i.e. in a secondary pathway), we introduced a chimeric reporter gene consisting of the promoter for the CHIT-B gene from bean fused to the bacterial GUS gene (Broglie et al., 1989) into Arabidopsis. The effects of these genetic alterations on the kinetics of seedling-growth responses and chitinase induction are presented. The data obtained have been used to formulate a model that accounts for the variety of dose-response relationships observed.
MATERIALS A N D METHODS

Plant Materials
A11 transgenic lines were generated by Agrobacteriummediated transformation of the R002A parent line. R002A is an ADH-(alcohol dehydrogenase) mutant line in the Bensheim ecotype background (Chang and Meyerowitz, 1986 ). Ethylene-insensitive mutants were isolated from M, populations of ethyl methanesulfonate-mutagenized seeds in the COL background. The etrl-2 and etrl-2 alleles have been described previously (Bleecker et al., 1988; Chang et al., 1993) . The ein2 alleles were obtained from additional screens of mutagenized seed obtained from Lehle Seeds (Round Rock, TX) using the seedling responses assay previously described (Bleecker et al., 1988) . Mutant lines were back-crossed to wild-type COL at least three times before being used for physiological experiments. Complementation tests between mutant lines were performed by crossing the lines and examining the seedling responsiveness to ethylene in the F, progeny. Lines homozygous for both the CH5B-GUS reporter and each etr mutant allele were generated by crossing the transgenic L7 line to the etr mutant lines. F, progeny lines that were homozygous for ethylene insensitivity, kanamycin resistance, and constitutive expression of GUS in roots were used for physiological experiments. Lines from these same crosses that segregated homozygous for ethylene sensitivity and GUS expression were selected from the same populations as controls.
Crowth Conditions and Ethylene Treatments
For seedling-growth response measurements, seeds were plated on 0.8% agar plates containing half-strength MS salts (Sigma). To ensure uniformity of germination time, seeds were incubated at 4°C in the dark for 96 h and then at room temperature under fluorescent light (50 pmol s-' m-') for 12 h before being placed in flowthrough chambers for ethylene treatment (defined as time zero). Ethylene treatments were accomplished using 2-L gas-tight jars through which air or air containing the specified concentrations of ethylene was delivered at a flow rate of 100 mL min-'. For dose-response analysis, a range of ethylene concentrations was achieved by seria1 dilution of pure ethylene gas through a series of flow meters. Ethylene concentrations were monitored by GC (model8500; PerkinElmer Cetus) every 12 h and remained stable throughout the treatment. Seedlings were removed and growth responses were measured after 72 h of treatment.
For experiments involving adult plants, seeds were plated as described above but were germinated under fluorescent light (50 pmol s-l m-'). After 4 d postgermination, seedlings were transferred to soil, a mixture of Jiffymix:perlite (2:1, v/v), in 4-inch pots. Plants were raised in growth chambers under previously described conditions (Hensel et al., 1993) . Under these conditions, 21-d-old transgenic plants had developed eight to nine rosette leaves and were just beginning to bolt, whereas 30-d-old plants had developed inflorescence stalks between 30 and 35 cm tall. Unless otherwise stated, the term "leaf tissue" refers to the sixth and seventh leaves up from the base of the rosette in 21-d-old plants, and the term "stem tissue" refers to 1-cm segments of stem from the third internode up from the base of the primary inflorescence branch in 30-dold plants. For both stem and leaf, the target tissues were of approximately the same age (10 d postemergence) and in the final stages of expansion.
Whole plants were transferred at 21 or 30 d posttransplantation into hand-built 20-L Plexiglas chambers through which either air or specified concentrations of ethylene in air was delivered at a flow rate of 100 mL min-'. Plants in the chambers received continuous fluorescent illumination supplemented with incandescent lamps at a radiation of 80 to 125 pmol s-' m-'. For wounding experiments, leaf discs (I cm diameter) or stem segments (1 cm in length) were transferred to 0.4% agar plates (half-strength MS salt medium) and treated in the 20-L flowthrough chambers. Samples were collected after 18 h of treatment, unless otherwise indicated in the figure legend, frozen in liquid nitrogen, and stored at -80°C until analyzed.
Analysis of Cene Expression
Transcript levels of the CHIT-B were assessed by RNA gel blot analyses. Total cellular RNA was isolated from frozen leaf or stem tissues as previously described (Hensel et al., 1993) . Total RNA was fractionated under denaturing conditions by electrophoresis through a 1 % formamideagarose gel, transferred to nylon membranes (MSI-Magna NT; Micron Separations, Inc., Westboro, MA) by the capillary method, and hybridized with a 32P-labeled randomprimed probe (Prime-A-Gene; Promega) according to standard protocols (Sambrook et al., 1989) . The probe for the endogenous CHIT-B consisted of a cloned fragment of the gene obtained by PCR amplification from genomic Arabidopsis DNA using as primers nucleotide sequences corresponding to bases 826 to 844 (5'-CAA CGG TCT ATG CTG CAG-3') and 1267 to 1285 (5'-ATA TGA GCA CTT GGA TCC-3') from the published genomic sequence (Samac et al., 1990) . For transgenic plants, the activity of the CH5B-GUS reporter gene was assessed by measuring the specific activity of GUS in extracts of leaf or stem tissue according to previously described methods (Jefferson, 1987) .
Transformation and Regeneration of Arabidopsis Plants
The chimeric reporter gene, designated CH5B-GUS, that was cloned into the Agrobacterium binary vector pBI1O1.l to form the plasmid pCG2226 was kindly provided by Richard Broglie (Dupont) and has been described in detail (Broglie et al., 1989) . The pCG2226 plasmid was transferred by triparental mating into the Agrobacterium strain LBA4404 (Rogers et al., 1986) . Agrobacterium-mediated transfer of the reporter gene was achieved by infecting root and rosette leaf explants of R002A (Bensheim ecotype) according to the previously described method (Valvekens et al., 1988) . Severa1 transgenic lines obtained from independent transformation events were confirmed as transgenic by analyses of kanamycin resistance, expression of the GUS protein, and Southern blot analysis (data not shown). Kanamycin resistance was assessed by plating seeds on 0.8% MS-agar plates containing 50 mg L-' kanamycin. Nine independent transgenic plants set seeds. Seeds collected from the initial regenerated transgenic plants were designated T1. T1 progeny for a11 transgenic lines were plated on MS-agar medium. A11 transgenic lines segregated for both kanamycin-resistant and kanamycin-sensitive plants. 2 analyses indicated that lines L1 and L3 segregated for two or more nonlinked T-DNA inserts, and the remaining lines segregated as one functional T-DNA insert (data not shown).
RESULTS
Comparison of Ethylene Dose-Response Relationships for Seedling-Growth Responses and the lnduction of the Endogenous CHIT-B
Previous research demonstrated that increasing concentrations of applied ethylene inhibited the growth in length of both hypocotyls and roots of etiolated Arabidopsis seedlings (Bleecker et al., 1988) . It has also been shown that high concentrations of ethylene (Kieber et al., 1993) or ethyphon (Samac et al., 1990) resulted in elevated mRNA levels of a CHIT-B gene in adult vegetative tissues of Arabidopsis. To examine in more detail the relationship between ethylene dose and the rates of these two responses, we exposed seedlings and whole plants to a range of ethylene concentrations delivered in flowthrough chambers. The results shown in Figure 1 indicated that hypocotyl and root growth of wild-type COL seedlings were inhibited by ethylene in a dose-dependent manner over the same range of ethylene concentrations (0.01-1.0 pL L-'). CHIT-B message levels in stem tissues also showed dose-dependent increases over about 2 orders of magnitude of ethylene concentration (Fig. 2) . However, the seedling responses approached saturation at approximately 1 pL L-', whereas the chitinase response saturated at closer to 10 pL L-' ethylene.
Effects of Ethylene-lnsensitive Mutants on Signal Transduction
To gain further insight into the relationship between the seedling-growth response and the chitinase-induction WT etr1-2 ein2-32
Level: pathways, we examined the effects on these pathways of single-gene mutations that disrupt ethylene signal transduction. In addition to the dominant ethylene-insensitive mutant etrl-1, several new mutations were identified using the seedling triple-response screen previously described (Bleecker et al., 1988) . One dominant mutant line that we identified was assigned the designation etrl-2 based on an allelism test in which all F 2 progeny (1372) of a cross between etrl-1 and etrl-2 were ethylene insensitive. The allelic relationship of etrl-1 and etrl-2 was confirmed by sequence analysis of both mutants (Chang et al., 1993) . A second complementation group comprising six recessive alleles, which were subsequently found to be allelic to the previously described EIN2 locus (Guzman and Ecker, 1990) , were consequently designated ein2-27 through ein2-32.
Previous experimental evidence indicated that the etrl-1 and the ein2-l mutations disrupted seedling-growth responses (Bleecker et al., 1988; Guzman and Ecker, 1990) and CHIT-B induction (Samac et al., 1990) in Arabidopsis. Consistent with these reports, we found that etrl-1 and ein2-32 completely blocked the seedling-growth responses (Fig. 1, B and D) . On the other hand, the etrl-2 mutation was only partially effective in blocking seedling-growth responses (Fig. 1C) . At high concentrations of ethylene, hypocotyls and roots showed 50 and 88%, respectively, of the maximum responsiveness of wild-type seedlings. Interestingly, the adult vegetative tissues of etrl-2 showed no CHIT-B induction when treated with 100 i*L L" 1 ethylene (Fig. 2B ), indicating that this weaker allele of ETR1 completely disrupted the chitinase response.
Characterization of Transgenic Plants Carrying the Ethylene-Responsive Reporter Gene CH5B-GUS
The ethylene-insensitive mutants described above affect a variety of ethylene responses and are thus thought to act in a primary signal-processing system common to all responses (Bleecker et al., 1988; Guzman and Ecker, 1990) . We also wanted to examine the effects of genetic alterations that act further downstream in a specific ethylene-response pathway. To this end, we introduced a foreign ethyleneresponsive promoter into Arabidopsis on the premise that the ethylene signal-transduction machinery would interact with this promoter and thus provide us with an alteration at a defined point in the signal-transduction pathway leading to ethylene-mediated chitinase induction.
To assess the feasibility of this approach, leaf and root explants of Arabidopsis were transformed with an A. tumefaciens strain containing the CH5B-GUS reporter gene under control of the bean chitinase promoter. Transgenic lines homozygous for the CH5B-GUS reporter were tested for ethylene-mediated GUS expression. As shown in Table  I , transgenic lines had variable basal levels of GUS activity in air and showed increased GUS activity when tissues were treated with 50 /u.L L" 1 ethylene for 20 h. The induc- 
Comparison of Expression Patterns of the Heterologous CH5B-GUS Reporter and the Endogenous CHIT-B
To assess whether the foreign reporter gene was being driven by the same signal-transduction machinery as the endogenous CHIT-B, a detailed analysis of CH5B-GUS expression was undertaken using the L7 transgenic line. Whereas the absolute level of expression in L7 was lower than that of other transgenic lines, there was considerably less variability in expression levels resulting from ethylene treatments. For all experiments reported, similar results were obtained with additional transgenic lines.
In L7 plants, a constitutive level of GUS activity was detected in roots but not in leaves and stems (Fig. 3A) . Ethylene treatment induced the expression of the gene 13-, 18-, and 1.6-fold for leaf, stem, and root tissues, respectively (Fig. 3A) . When the CH5B-GUS reporter gene was introduced into the ethylene-insensitive mutant etrl-1 background, constitutive GUS activity in root tissue was reduced 56% relative to wild-type plants (Fig. 3B) . In addition, the etrl-1 mutation completely blocked ethyleneinducible GUS activity in all tissues (Fig. 3B) . The expression patterns of GUS activity found in this study are consistent with the patterns of endogenous CHIT-B at mRNA levels found in ethephon-treated, wild-type, and etrl-1 plants reported by Samac et al. (1990) . A further comparison of the ethylene-mediated CH5B-GUS expression with the expression of the endogenous CHIT-B is presented in Figure 4 . Both the reporter and the endogenous genes were more highly expressed in leaf petioles than in upper portions of the leaf blade. The highest level of expression was obtained in the stem tissue.
Leaf
Stem Root 
Kinetics of Ethylene-Mediated CH5B-GUS Gene Expression in Stem and Leaf
Kinetic analysis of dose-response relationships is dependent on measurements of initial rates of a response (Weyers et al., 1987) . As shown in Figure 5 , no detectable increase in CH5B-GUS expression was observed during the first 6 h of ethylene treatment in either stems or leaves. This lag phase was followed by similar increases in GUS activity in both tissue types during the subsequent 12 h of treatment. However, after 18 h, the level of GUS activity continued to increase in the stem tissue but did not increase in leaf tissue during the remainder of the 48-h treatment period. The lack of increasing GUS activity in leaves at later times appears to be a posttranscriptional effect, since leaves at 36 h still contained elevated levels of GUS transcript (data not shown). Based on these results, ethylene treatments were limited to 18 h of incubation time in subsequent experiments.
The dose-response curve for ethylene-mediated GUS expression in leaf (Fig. 6A ) was similar in form to the induction pattern of the endogenous CHIT-B message in stem ( Fig. 2A) but required higher concentrations of ethylene (100 juL L" 1 ) for saturation of the response. The doseresponse relationship for intact stem tissue was shifted to even higher concentrations and did not appear to saturate until more than 1000 /aL L~: ethylene were applied (Fig. 6B) .
The effects of the etrl-1, the etrl-2, and the ein2-32 alleles on the induction of GUS activity were examined by crossing the CH5B-GUS reporter gene into the mutant backgrounds and determining the ethylene dose-response relationship for GUS induction. When the CH5B-GUS reporter gene was crossed into either the etrl-1, etrl-2, or ein2-32 backgrounds, these mutations completely blocked ethylene-mediated GUS expression (Fig. 6A) , consistent with the results obtained with the endogenous CHIT-B message (Fig. 2B) .
Effects of Tissue Excision on the Dose-Response Relationship for Ethylene-Mediated CH5B-GUS Expression
Signal-transduction pathways leading to the induction of stress-related genes such as the chitinases are quite complex. For example, there is evidence that some defenserelated genes are regulated by ethylene, wounding, and pathogens (Brederode et al., 1991; Raz and Fluhr, 1992) . Synergistic interactions between wound signals and ethylene have been reported for the win2 gene in transgenic potato (Weiss and Bevan, 1991) and for the polygalacturonase gene in avocado fruit (Starrett and Laties, 1993) . The relationship between wounding and ethylene-induced chitinase in Arabidopsis was examined by treating excised leaf tissue (I-cm diameter of leaf discs) in air or in two concentrations of ethylene (1 and 50 pL L-'). As indicated in Table I , in a11 tested transgenic lines, excision did not induce GUS enzyme activity in air. Excision and low concentrations of ethylene (1 p L L-') had a synergistic effect on CH5B-GUS induction in leaf. No significant differences were observed between excised and intact tissue at higher ethylene concentrations.
To further investigate the relationship between excision and ethylene responsiveness, a detailed ethylene dose-response analysis was performed on intact and excised stem tissues (Fig. 6B) . As stated above, intact inflorescence stems of ethylene-treated plants showed a dose-response relationship that ranged over 3 orders of magnitude and had not saturated for the response at 1000 pL L-' ethylene. On the other hand, when stem tissues were excised from the plants prior to ethylene treatment, the dose-response curve was shifted to lower concentrations of ethylene by about 2 orders of magnitude. For each curve, the highest absolute value of GUS activity is presented in Table II . ND, N o ethylene detected.
Quantitative Analysis of Dose-Response Relationships
The specific mechanisms by which the ethylene signal is transduced to generate the seedling-growth response and the chitinase-induction response are not yet known. However, by assuming that the specific relationship between ethylene dose and the magnitude of a given response is governed by one rate-limiting step in the signal-transduction pathway, we considered it appropriate to subject our dose-response data to a simple mathematical treatment that assumes that the rate-limiting step in each pathway behaves like a ligand-receptor or enzyme-substrate interaction. Accordingly, we applied a derivation of the Hill equation (Weyers et al., 1987) to our data using a curvefitting program (COPLOT; CoHort Software, Berkeley, CA). The results of this analysis are provided in Figure 7 . Weyers et al. (1987) suggested that the R, , , , the Kr, and the n obtained from this type of analysis could serve as sensitivity parameters for plant hormone responses. These val- ues are provided in Table 11 . The wild-type seedlinggrowth responses conformed to classic hyperbolic or Michaelis-Menten kinetics as characterized by best fit curves that showed a log-linear relationship between dose and response that spanned about 2 orders of magnitude (Fig. 7A ) and an n of close to one (Table 11) . On the other hand, the seedling responses of the etrl-2 mutant deviated from this ideal behavior in that responses occurred over 4 orders of magnitude and generated n values of less than 0.5. According to the nomenclature suggested by Koshland et al. (1982) , this dose-response relationship would be classified as subsensitive. A consequence of these alterations in the dose-response relationship was a shift in the K, from 0.1 to 0.9 and 2.3 pL L-' ethylene for hypocotyl and root responses, respectively. Dose-response curves for the CHIT-B message in stems and the CH5B-GUS reporter in leaves also conformed to Michaelis-Menten behavior with K, values of 1.4 and 4.1 pL L-' ethylene, respectively. The calculated n value was greater than one for the endogenous chitinase response. However, given the semiquantitative nature of this RNA blot analysis, we believe that it is safe only to conclude that this response was not subsensitive. On the other hand, in both intact and excised stem tissues the heterologous CH5B-GUS reporter displayed characteristics of subsensitivity with n values of 0.66 and 0.53 pL L-' ethylene, respectively. The K, values for intact and excised stem tissues were 122 and 2.9 pL L-' ethylene, respectively .
DI SC U SSI ON
We have shown that the sensitivity of Arabidopsis tissues to ethylene varies widely between different classes of responses (Table 11 ; Fig. 7) , within a single class of responses under different physiological conditions (Fig. 6B) , and under the influence of mutations in components of the pathways (Fig. 7A) . A11 of these dose-response relationships can be mathematically modeled with a modification of the Michaelis-Menten equation using n (Weyers et al., 1987) . As shown in Table 11 , variations in R, , , , K,, and n Plant Physiol. Vol. 108, 1995 were observed under particular conditions. Similar observations have been made for seedling-growth responses in pea (Goeschl and Kays, 1975) and for gene expression in tomato fruit (Lincoln and Fischer, 1988) and carnation flowers (Lawton et al., 1990) . In the past this kind of evidence has been used to argue that multiple, independent signaling pathways must be responsible for different ethylene responses in plants (Goeschl and Kays, 1975) . However, this argument is inconsistent with the fact that mutations in ETRZ, CTRZ, and EIN2 disrupt all of the ethylene responses that we have examined (Figs. 1,2B , and 6A; Kieber et al., 1993) . Thus, any model for ethylene signal transduction in Arabidopsis should account for the genetic evidence that the diversity of responses that we have observed are mediated through a common, primary signaltransduction pathway. Yet, we must reconcile this concept with the fact that the diversity of downstream responses occurs over a wide range of ethylene concentrations and exhibits a range of values for kinetic parameters. To resolve this issue, we have developed a two-stage model (Fig. 8 ) that divides ethylene signal transduction into a common primary pathway and a set of secondary pathways that operates over different ranges of signal output from the primary pathway.
A Model for Ethylene Signal Transduction in Arabidopsis
The model provided in Figure 8 was generated from data for the variety of dose-response curves obtained in a11 of our experiments. Whereas the model is based on the mathematical treatments using Michaelis-Menten kinetics, the relationships between dose and responses have been linearized to simplify the use of spatial rather than mathematical arguments in relating the model to the data obtained.
For the purposes of the model, we have divided signal transduction into two stages. Figure 8A represents the initial ethylene-signal perception and processing steps that a11 responses share in common. We postulate that these primary steps are mediated in part by the products of the ETR1, CTR1, and EIN2 genes, which act in combination to produce a secondary signal that mediates the divergent responses represented in Figure 8B . The nature of the output signal from the primary pathway is unknown but could be a second messenger (e.g. Ca+*) or an enzyme (e.g. protein kinase). A key feature of the model is based on the idea that different responses to ethylene are mediated by independent downstream pathways that operate over different ranges of signal output from the primary pathway. The model works in the following way. To determine the range of ethylene concentrations over which seedlinggrowth responses are mediated, draw horizontal lines back from the end points of the lower line in Figure 8B (line B-1) until they intersect with the solid line in Figure 8A (line A-l), and then draw perpendicular lines down to read off the ethylene concentrations. A similar procedure with the other two lines in Figure 8B provides the ranges of concentrations over which the endogenous CHIT-B and the CH5B-GUS reporter operate. A comparison of these values with the actual dose-response curves for these responses in s t e m tissue (Fig. 7B) demonstrates that t h e m o d e l h a s p r edictive value. Although our model is an artificial construct, its features were designed according to the mechanisms by which well-characterized signal-transduction pathways work in animals. For example, primary pathways may operate through G-protein-coupled activation of ion channels or second-messenger-producing enzymes (Freissmuth et al., 1989) . Diverse responses to this primary signal output are mediated by effectors that may operate over different ranges of second-messenger concentrations (Birnbaumer, 1990) .
The model we have presented assumes that differences in sensitivity between seedling-growth responses and chitinase induction are mediated by differences in responsiveness within the secondary pathways. Since these two responses were measured in different tissue systems, we cannot formally rule out the possibility that the differential sensitivity is due to differences in the primary pathways (e.g. ethylene receptor-concentrations) of these tissue systems. This issue could be resolved if both responses were measured in the same tissue system. In this regard, the CHIT-B message was not detected in air-grown leaves, and yet these leaves appear to be sensitive to the endogenous levels of ethylene with respect to growth responses, i.e. leaves of air-grown etrl-2 plants are on average 25% larger than their wild-type counterparts (Bleecker et al., 1988) . This observation is consistent with the model as we have depicted it.
H o w Alterations in the Primary Pathway May lnfluence Dose Response
In signal-transduction systems of animals, sensitivity to ligands is often mediated through systems with "spare receptors" (Dufau et al., 1977; Levitzki, 1984; Lohse, 1993) . This principle can be demonstrated with our model (Fig. 8) .
A change in ethylene-receptor concentration can be modeled by changing the slope of line A-1. An increase in the slope of line A-1 will have the effect of shifting the effective ethylene concentration ranges for each downstream response to lower values. This effect could provide a mechanism for the shift in dose-response curves for the CH5B-GUS responses from intact and excised stem tissues (Fig.  6B) . Changes in slope of line A-1 would represent a simple change in ethylene-receptor concentration or a change in the rate of signal output per unit of bound receptor. Either of these possibilities could also explain the different effects of the etrl-2 mutant on seedling-growth responses and chitinase induction (Figs. lC, 2B, and 6A). As indicated in Figure 6A , the etrl-2 mutation could act to decrease the slope of the primary relationship either by decreasing the number of effective receptors or by decreasing the rate of signal output per bound receptor. The prediction from our model (line A-2) would be that seedling-growth responses in the etrl-2 mutant would be partially reduced in capacity (lower R, , , ) and occur over a higher concentration range of ethylene (higher K,, lower n), whereas chitinase responses would be completely eliminated. This is exactly what we observed in the real system for both seedling responses and chitinase induction.
H o w Alterations in Secondary Pathways May lnfluence Dose Response
The introduction of the chimeric gene containing the bean chitinase promoter into Arabidopsis can be viewed as a genetic alteration in the secondary signal-transduction pathway leading to chitinase induction. Given the similarities that we observed in the overall patterns of expression of the endogenous CHIT-B gene and the reporter gene (Fig.  4) , it is reasonable to assume that these two responses operate through the same signal-transduction machinery up to the point of divergence at the promoters for the two genes. This divergence is represented in our model by the two different lines, B-2 and B-3, in Figure 8B , which represent the observed differences in sensitivity between the endogenous and heterologous genes in stem tissue (Fig.  7B) . A plausible biological interpretation of this difference in sensitivity could be that transcription factors responsible for ethylene-mediated induction of CHIT-B interact with the DNA of the foreign promoter with lower affinity than they interact with the native promoter. Of course, this interpretation assumes that CHIT-B message levels and CH5B-GUS enzyme levels are equivalent reporters.
Subsensitivity and the Primary Pathway
Many signal-response systems in biology operate over a much wider range of signal concentrations than predicted by simple Michaelis-Menten kinetics (Koshland et al., 1982) . Our model is based on the assumption that the primary pathway for ethylene signal transduction operates over several orders of magnitude of ethylene concentration. Since we have no direct way to measure the signal output from the primary pathway, this assumption is based on indirect evidence from our own data and on the general features of well-characterized primary pathways in microbial and animal systems. Subsensitive behavior was only directly observed when the signal-transduction pathways were genetically altered, i.e. with the etrl-2 mutants in seedlings and with the CH5B-GUS reporter gene in stems (Table 11 ). In the case of etrl-2, it is reasonable to assume that subsensitivity is a property of the primary pathway. Thus, either the mutation confers subsensitivity to an otherwise hyperbolic system or the mutation unmasks a subsensitive primary pathway already in place. Given that subsensitive behavior generally involves rather complicated biochemical mechanisms (Koshland et al., 1982) , the latter possibility seems more likely. A second indication that the primary pathway operates subsensitively can be deduced from a comparison of dose-response relationships for CHIT-B and CH5B-GUS in intact stems (Fig. 7B) , in which two related responses occurring in the same tissue at the same time cover a span of 5 orders of magnitude of ethylene concentration. These data are consistent with the operation of a primary response pathway that is capable of processing the ethylene signal in a subsensitive way.
There are a number of possible mechanisms that could explain the capacity of ethylene signal transduction to operate through a single pathway and yet respond to ethylene levels spanning several orders of magnitude. There could be multiple receptors with different affinities for ethylene that a11 feed into a common pathway. Alternatively, there are a number of well-established mechanisms that allow a single-receptor system to operate over a wide ligand concentration range by a process referred to as desensitization or adaptation (Lauffenburger and Linderman, 1993) . A particularly relevant example of adaptation involves chemotactic responses in bacteria, which operate over a wide range of ligand concentrations. In this case, the mechanism involves negative feedback regulation of signal output by reversible methylation of the receptor complex (Bourret et al., 1991; Parkinson, 1993) . Interestingly, the target of the methylase is a protein complex that contains a sensor protein with a high degree of amino acid homology to the ETRl protein (Chang et al., 1993) .
SUMMARY
We have presented a model for plant hormone sensitivity that is able to explain a variety of ethylene-response kinetics in Arabidopsis. Previous models for plant hormone responses have used a single Michaelis-Menten equation to model dose-response relationships, with variable success (Weyers et al., 1987; Nissen, 1988a Nissen, , 1988b . The basic refinement we have added is the coupling of two dose-response systems, a primary and a secondary system, in which the signal output from the primary system acts as the input signal for the secondary pathways. Although the Plant Physiol. Vol. 108, 1995 model we have presented is spatial rather than mathematical, a mathematical form of this setup could be developed by coupling Hill equations in tandem. Since our model is based on the animal paradigm, it should have general applicability to other plant hormone systems. For example, complex dose-response curves that are bi-or multiphasic cannot be modeled with simple Michaelis-Menten kinetics (Nissen, 1985) . However, imagine that Figure 8A of our model represents a primary pathway and the individual lines in Figure 8B represent different components of a single complex response. Based on our model, we would predict that a dose-response curve may differ in shape at different hormone concentrations, depending on the relative contributions of each secondary pathway to the overall response.
The arbitrary division of ethylene signal transduction into two stages is an obvious oversimplification of the true pathways. Signal transduction in animals often involves multiple amplification and diminution steps before reaching a final response (Koshland et al., 1982) . Because the biochemical components of these pathways are well studied, very sophisticated mathematical models have been developed that take into account the intricacies of the signal pathways (Lauffenburger and Linderman, 1993) . Although our model is rudimentary in comparison, we believe that the resolution of our model is a reasonable match for the resolution of our knowledge of the pathways involved. The genetic and phenotypic analysis of mutants in the pathways provided us with information concerning where the products of these genes act, allowing us to construct our model. Further refinements, including the isolation of mutants in additional steps in the primary and secondary pathways, as well as alternative physiological approaches (Raz and Fluhr, 1993) , should allow for the development of more elaborate models for ethylene signal transduction. The cloning of the genes involved (Chang et al., 1993; Kieber et al., 1993) will provide the means for the biochemical characterization of the components of these pathways. This should in turn lead the way toward a more realistic modeling of the steps involved in ethylene signal processing in plants.
